Abstract Effects of adrenaline on K+-activated hyperpolarization of bullfrog sympathetic ganglion cells,preganglionic nerve axons and splanchnic nerve axons were studied.The K+-activated hyperpolarization recorded from ganglion-postganglionic nerve preparations by the sucrose-gap method was augmented in the presence of adrenaline (0.3mM).On the other hand,the K+-activated hyperpolarization of postganglionic,preganglionic nerve axons and splanchnic nerve axons was not affected under the same experimental conditions.The facilitatory effect of adrenaline on the K+-activated hyperpolarization was gradually intensified when the application of adrenaline was sustained for up to 60min.The effect was reversible.The K+-activated hyperpolarization recorded from ganglion cell-bodies by intracellular microelectrodes was similarly augmented by adrenaline(0.1mM).Adrenaline in this concentration,however,caused no significant changes of the membrane potential and conductance in the presence of ouabain(0.002mM)which completely and reversibly inhibited K+-activated hyperpolarization. Noradrenaline showed similar but less effect and isoproterenol showed no significant effect on the K+-activated hyperpolarization.The facilitatory effect of adrenaline was inhibited in the presence of phentolamine but not of DCI. These results suggested that the intraganglionic membrane of ganglion cells possessed some kind of adrenergic a-receptors and the electrogenic Na+pump of ganglion cells was accelerated by some unknown mechanism when adrenaline reacted to these receptors.
ment (KOKETSU and NAKAMURA,1976) ,and it was suggested that the Ad-hyperpolarization might be generated by an electrogenic Na+ pump.Thus,the Adhyperpolarization seemed to be associated with the slow inhibitory postsynaptic potential(the slow IPSP)of these cells,which might be produced by the action of adrenaline (LIBET and KOBAYASHI,1974) and also might be generated by an 1968; KOKETSU and NAKAMURA,1975) .Ionic mechanisms and neurotransmitters involved in the slow IPSP,however,seem to be complex and were not entirely 1973a ,1973b KOKETSU and YAMAMOTO,1975) . Whatever the ionic mechanism underlying the Ad-hyperpolarization or slow IPSP is and whatever the neurotransmitter responsible for the slow IPSP is,it is very interesting and important to examine whether or not a neurotransmitter, such as adrenaline,can indeed potentiate the membrane potential change which is actually generated by an electrogenic Na+ pump.If this is the case,it is possible that a neurotransmitter is able to produce a membrane potential change generated by an electrogenic Na+ pump in target cells.Thus,in the present experiment, the effect of adrenaline on the K+-activated hyperpolarization of sympathetic ganglion cells was studied.Such an K+-activated hyperpolarization could be produced when the extracellular K+ concentration is raised from zero to 2mm and SHIRASAWA,1974; AKASU et al.,1975) ,in mammalian nonmyelinated nerve
The present experiment will demonstrate that K+-activated hyperpolarization is indeed potentiated by the action of adrenaline,and,furthermore,such a potentiation of K+-activated hyperpolarization is not simply due to the increase of membrane resistance but actually caused by an acceleration of the electrogenic Na+ pump current.A preliminary short note of a part of the present experiment has been made (AKASU and KOKETSU,1976) .
METHODS
Paravertebral sympathetic chains and splanchnic nerve trunks were isolated from bullfrogs(Rana catesbeiana).The membrane potential changes of sympathetic ganglion cells were recorded from ganglion-postganglionic nerve preparations,and those of pre-,postganglionic and splanchnic nerve axons were recorded from isolated preganglionic and postganglionic nerves,and splanchnic nerve trunks preparations,respectively,by use of the sucrose-gap method (KOKETSU and NISHI, 1968; NISHI and KOKETSU,1968; see also KOSTERLITZ et al.,1968) .The membrane potential changes of ganglion cells were also recorded by intracellular microelectrodes inserted to ganglion cell bodies (NISHI and KOKETSU,1960) .Microelectrodes filled with 3 M KCl and those with resistances ranging between 20-30 electrogenic Na+ pump (KOKETSU and NISHI, 1967; NISHI and KOKETSU, 1967 
RESULTS

K+-activated hyperpolarization
Experimental procedures for recording K+-activated hyperpolarization from the present preparations were essentially similar to those described elsewhere (KOKETSU and SHIRASAWA,1974; AKASU et al.,1975) .Preparations were initially perfused by K+-free solution for certain periods and K+ -activated hyperpolarizations were recorded by changing the perfusate from the K+-free solution to the Ringer solution,in both the sucrose-gap and intracellular microelectrode methods. As has been reported (AKASU et al.,1975) ,K+-activated hyperpolarizations,of which amplitudes and time courses were fairly constant,could be repeatedly recorded from single preparations(the sucrose-gap method)or single cells(microelectrode method),provided each application of the Ringer solution was limited to less than 3min duration and repeated at an interval of 15min.The effects of adrenaline and other agents on the K+-activated hyperpolarization were studied during the course of such an experimental procedure;adrenaline or other desired agents were added or withdrawn at any time during the 15min interval,and thus K+-activated hyperpolarizations were observed before,during,and after an addition of an agent.
Experiments with the sucrose-gap method
A.The ganglion-postganglionic nerve preparations.The K+-activated hyperpolarization of ganglion cells was recorded by use of ganglion-postganglionic nerve preparations.K+-activated hyperpolarization recorded from these preparations by the sucrose-gap method seemed to represent those generated from the membrane of axon-hillocks and/or initial axonal segments of ganglion cells (AKASU et al.,1975 tatory effect of adrenaline(0.3mM)were tested.In these experiments ,the facilitatory effect of adrenaline was examined before and after an addition of the a and on the membrane potential and K+-activated hyperpolarization ,eliminated the facilitatory effect of adrenaline.DCI(0.1mM),on the other hand ,showed no direct effect of the membrane potential and K+-activated hyperpolarization ,and caused no significant changes in the facilitatory effect of adrenaline .
B.Nerve axon preparations.Pre-,postganglionic ,and splanchnic nerve preparations were used in these experiments.The effect of adrenaline(0.3mM) on K+-activated hyperpolarization recorded from these three kinds of axonal preparations was studied to examine if the facilitatory effect of adrenaline ob- served with ganglion-post ganglionic nerve preparations could be demonstrated also with these 3 preparations.Although the experimental procedure was similar to that for ganglionic preparations,no significant facilitatory effects of adrenaline on the K+-activated hyperpolarizations were recorded with these 3 preparations; these nerve preparations showed either no potential changes or small Ad-depolarizations(less than 1mV)when adrenaline was applied.An example of these experiments carried out with postganglionic nerve preparations is shown in Fig.3 . As seen in this result,the effect of adrenaline was always entirely reversible.
3.Experiments with intracellular microelectrodes
It has been known that the amplitude of the K+-activated hyperpolarization and RITCHIE,1969).The effect of adrenaline on the membrane resistance of ganglion cells(cell bodies)was,therefore,studied in order to clarify whether or not the potentiation of the K+-activated hyperpolarization was simply due to the increase of the membrane resistance.In these experiments,the effect of adrenaline in a concentration of 0.1mm was studied throughout,since adrenaline in this concentration caused no depolarization of cell membranes in both the K+-free and Ringer solutions and increased significantly the amplitude of K+-activated hyperpolarization.
Membrane resistance was measured by recording electrotonic potentials produced by anodal(hyperpolarizing)square pulse currents(500msec duration) applied through an intracellular recording microelectrode by means of a bridge circuit (KoKETSU et al.,1959) .Microelectrodes(less than 20megohms)which showed no detectable changes in the resistance and tip potential during the passage of anodal currents less than 10-9 A were selected and used in these experiments. The effect of adrenaline(0.1mM)on the K+-activated hyperpolarization obtained from a single cell before(A)and after(B)an addition of ouabain(0.002mM).The K+-activated hyperpolarization(A)was completely eliminated and only the depolarization was produced when the perfusate was changed from the K+-free solution to the Ringer solution in B.A:records a and b were taken before and 25min after adrenaline, respectively,and record c was 30min after its withdrawal.B:records a and b are before and 25min after adrenaline,and record c was 30min after its withdrawal.Note the effect of adrenaline in A and its absence in B. In preliminary experiments,the effect of adrenaline(0.1mM)on the membrane resistance in K+-free and Ringer solutions was studied.No detectable differences were observed between the i-v relation with and without adrenaline in both of these solutions.The membrane resistance during the generation of K+-activated hyperpolarization was measured when the perfusate was changed from the K+-free Ringer solution to the normal Ringer solution.In these experiments,in order to eliminate the active current during the measurement of membrane resistance, the i-v relation was obtained in the presence of ouabain which was assumed to abolish the pump current without changing the membrane conductance.
The augmentation of K+-activated hyperpolarization of single cells was first confirmed in the presence of adrenaline(0.1mM),and then the ouabain(0.002mM) was added after the withdrawal of adrenaline.An addition of ouabain(0.002mM) to the K+-free solution caused no detectable changes in the resting membrane potential.In the presence of ouabain,however,membranes were depolarized (1-3mV),instead of producing the K+-activated hyperpolarization,when the perfusate was changed from the K+-free solution to the Ringer solution.This indicated that the electrogenic Na+pump responsible for the generation of K+-activated hyperpolarizations was suppressed by ouabain (AKASU et al.,1975 ). An addition of adrenaline(0.1mm)caused entirely no changes of these depolarizations.An example of these experiments are shown in Fig.5 . Bullfrog sympathetic ganglion cells appear to possess two kinds of adrenergic receptors responsible for generating Ad-hyperpolarization and Ad-depolarization, as has been reported in previous experiments (NAKAMURA and KOKETSU,1972; KOKETSU and NAKAMURA,1976; see also DE GROAT and VOLLE,1966 When the membrane potential change of ganglion cells was recorded by the sucrose-gap method,either Ad-hyperpolarization or Ad-depolarization was recorded,depending on individual ganglia (NAKAMURA and KOKETSU,1972; KOKETSU and NAKAMURA,1976) .It was suggested that adrenergic receptors responsible for Ad-hyperpolarization were mainly distributed at the membrane of axon-hillock and its distal vicinity,whereas those responsible for Ad-depolarization were mainly distributed in the membrane of the cell body and its distal vicinity, since Ad-hyperpolarization was never recorded,while Ad-depolarization could be recorded by intracellular microelectrodes (NAKAMURA and KOKETSU,1972; KOKETSU and NAKAMURA,1976) .In the present experiment,the potentiation of K+-activated hyperpolarization by adrenaline was observed consistently by the sucrose-gap method in all preparations.The potentiation of K+-activated hyperpolarization,however,was also observed consistently by means of microelectrodes in the present experiment,even when the Ad-depolarization of cell bodies was recorded under the effect of adrenaline in a relatively high concentration(0.3mM).These results suggested that the adrenergic receptors responsible for the potentiation of K+-activated hyperpolarizations are distributed in the cell body and/or axon-hillock membranes.If these adrenergic receptors are same as those responsible for generating Ad-hyperpolarization,as discussed above, the receptor responsible for Ad-hyperpolarization must be distributed in these membranes.If this is the case,the fact that Ad-hyperpolarization can not be recorded by microelectrodes would be due to that the density of these adrenergic receptors on these membranes is smaller than that of the adrenergic receptors responsible for generating the depolarization.
Ad-hyperpolarization was produced in K+-free solution (KOKETSU and NAKAMURA,1976) in the present experiment.This might suggest that the electrogenic Na+ pump could be accelerated by adrenaline in the K+-free solution, presumably due to a persistant retention of K+immediately outside each ganglion 1976).
What is the mechanism by which adrenaline potentiates the K+-activated hyperpolarization generated by the electrogenic Na+pump?It has been known that the amplitude of K+-activated hyperpolarization is proportional to membrane resistance (RANG and RITCHIE,1968; DEN HERTOG and RITCHIE,1969 The present work was supported by grants from the Ministry of Education of Japan.
